Abstract Electric discharge in water can generate a large number of oxidants such as ozone, hydrogen peroxide and hydroxyl radicals. In this paper, a non-thermal plasma processing system was established by means of pulsed dielectric barrier discharge in gas-liquid phase. The electrodes of discharge reactor were staggered. The yield of H2O2 was enhanced after discharge. The effects of discharge time, discharge voltage, frequency, initial pH value, and feed gas were investigated. The concentration of hydrogen peroxide and ozone was measured after discharge. The experimental results were fully analyzed. The chemical reaction equations in water were given as much as possible. At last, the water containing Rhodamine B was tested in this system. The degradation rate came to 94.22% in 30 min.
Introduction
In recent years, environmental pollution, particularly water pollution, becomes more and more serious around the world. In traditional water treatment, biological or chemical method was widely used. However, these methods have their own problems, such as high cost, time-consuming and secondary pollution. Therefore, the development of Advanced Oxidation Processes (AOPs) has attracted increasing attention [1] . AOPs make use of generated oxidants to destroy refractory molecules directly into CO 2 and H 2 O. Pulsed plasma discharge method is a kind of AOPs. It produces strong electric field, hydrogen peroxide, ozone, free radicals and ultraviolet radiation. Combination of all these effects can function more effectively in water treatment [2−4] . This method of AOPs is a kind of technology based on hydroxyl radical. The ability of oxidation depends on the number of hydroxyl radical. Since hydroxyl radical has a short survival time and is difficult to measure, hydrogen peroxide is chosen as the indicator. The production of hydrogen peroxide could be closely related with the formation of hydroxyl radicals and ozone. Although hydrogen peroxide is affected by many factors, it provides insight into the plasma activity via more information data [5, 6] . In this paper, a non-thermal plasma processing system was established by means of pulsed dielectric barrier discharge (DBD) in gas-water phase. The yield of H 2 O 2 in this system is discussed under different reaction conditions, such as discharge time, voltage, initial pH value and feed gas. And then the degradation of an organic contaminant (Rhodamine B), which is easily dissolved in water to form a synthetic wastewater, was tested to verify the oxidant capacity of the present system.
Experimental setup
The experimental setup consists of a pulsed-power generator and a discharge reactor. The pulsed peak voltage was 30 kV; the pulse current was 1 kA; the repetition frequency was 500 Hz and the pulse width was a few hundred of nanoseconds depending on the load. A typical waveform is shown in Fig. 1 . The discharge reactor is shown in Fig. 2 . It mainly consists of five parts: a coaxial plexiglass tube; a plastic vessel; an oxygen source; a water pump; a shower and the electrodes. The array electrode structure of DBD is shown in Fig. 3 . Fig.2 The system of the whole reactor Copper bar of 2 mm in diameter was used to configure the metal electrode. The medium around the outside of copper bar was quartz glass tube. To improve the insulation capability, one side of the quartz glass tube was closed. Positive and negative electrodes were staggered as shown in Fig. 3 . One side of the copper bar terminated at the inside of the wall and the other side extended 5 mm out of the opening quartz tube for connection of wires. Considering the size of the reactor and the efficiency, five rows of electrode structure were adopted and the distance between two rows was 40 mm. Each row had eight pairs of positive and negative electrodes.
In this paper, the sample used was deionized water with 7.1 in pH value and 11 µS/cm in conductivity. Each experiment used two liters of water. The voltage and current were measured with a digital oscilloscope (Tektronix TDS1012B-SC) equipped with a voltage probe and a current probe. H 2 O 2 was measured by hydrogen peroxide detector (WAK-H 2 O 2 ).
Experimental result
From plasma chemistry in this configuration, H 2 O 2 was formed by the following steps [7−9] : First, individual water molecules collided with highenergy electrons generated by the strong electric field.
Then, hydroxyl radicals were formed by reaction between the excited water molecule and the general water molecule.
Finally, H 2 O 2 was formed by the following reaction.
The influence of time
The influence of time on the generation of H 2 O 2 is shown in Fig. 4 . The voltage was 23 kV and the frequency was 200 Hz.
The concentration of H 2 O 2 was increased with increasing time. The concentration showed a linear relationship with time. At the instant of 10 min, the concentration was 0.6 mg/L and at 60 min, it was 5.75 mg/L. Since the voltage and frequency remained unchanged, the energy and density of electrons were constant. As time increased, the shower delivered more water to flow through the discharge region. So more water molecules were excited by the high-energy electrons, and from Eq. (2), more hydroxyl radicals were formed. At last, via Eq. (3) more hydrogen peroxide was generated. The concentration of H 2 O 2 was increased with increasing voltage. At the voltage of 19 kV, the concentration was less than 0.1 mg/L and at 25 kV, it was 6.72 mg/L. To make Eq. (2) effective, water molecules in the excited state must acquire certain energy. Below 19 kV, the average electron energy obtained from the electric field was very small. Only a little amount of high-energy electron could excite water molecules to make Eq. (2) effective. With increasing voltage, the electrons got more energy from the electric field. Through collisions, more high-energy electrons transferred their energy to water molecules. So more water
The influence of frequency
The influence of frequency on the generation of hydrogen peroxide is shown in Fig. 6 . The reaction time was 30 min and the voltage was 23 kV.
The concentration of H 2 O 2 was increased with increasing frequency. At the frequency of 100 Hz, the concentration was 0.8 mg/L and at 300 Hz, it was 4.25 mg/L. With increasing frequency, the number of pulsed discharge per second increased. More water molecules were excited by high-energy electrons in unit time. And more excited water molecules generated more hydroxyl radicals. Through Eq. (3), the concentration of hydrogen peroxide increased. 
The influence of pH
The influence of pH value on the generation of hydrogen peroxide is shown in Fig. 7 . The voltage was 23 kV and the frequency was 200 Hz. The reaction time was 30 min and the conductivity was 1000 µS/cm. pH value was adjusted by injecting sodium hydroxide or concentrated sulfuric acid. Conductivity was adjusted by sodium chloride. In alkaline solution, the concentration of hydrogen peroxide declined with the increase of alkalinity. In acidic solution, strong acid solution led to the decrease in concentration, but weak acidic solution could enhance the concentration of hydrogen peroxide. Generally, H 2 O 2 was weakly ionized in water.
In alkaline solution, there were a lot of hydroxyl ions. These hydroxyl ions reacted with H + to promote the decomposition of H 2 O 2 . So the concentration of H 2 O 2 was lower in alkaline solution. In acidic solution, the hydrogen peroxide was more stable. Because of the existence of H + , the reaction equilibrium turns to the left. More hydrogen peroxide were generated. But in a strong acid solution, the composition of electrons and hydrogen ions took a favorable position.
The number of free electrons decreased. The collision between water molecules and electrons also decreased. The concentration of H 2 O 2 was low. So in weak acidic solution, it was favorable to the production of H 2 O 2 .
The influence of oxygen
In the presence of oxygen, there existed other reactions leading to the generation of hydrogen peroxide [10] . First, the oxygen molecule was decomposed into two excited oxygen atoms by the collision of electrons.
Then, excited oxygen atoms reacted with water molecules to form two hydroxyl radicals.
Finally, two hydroxyl radicals formed hydrogen peroxide.
The influence of oxygen on the generation of hydrogen peroxide is shown in Fig. 8 . The flow rate of oxygen was 2 L/min. The voltage was 23 kV and the frequency was 200 Hz. Similarly, the production of H 2 O 2 was enhanced with increasing time. In 10 min, the concentration was 0.8 mg/L and in 60 min, it was 7.6 mg/L. Meanwhile, the concentration of H 2 O 2 was increased by 20% in an oxygen ambient than in air. In an oxygen ambient, the concentration of oxygen was much more than that in the air. According to Eqs. (7), (8) and (9), more H 2 O 2 was generated.
The production of O 3 in an oxygen ambient and in air is shown in Fig. 9 . Fig.9 Time evolution of the concentration of O3 in oxygen and in air O 3 was generated by the following two steps [9, 10] :
Because of the high concentration of oxygen in the oxygen ambient, more oxygen molecules collided with electrons to generate excited oxygen atoms. So via Eq. (11), more O 3 was generated.
In an oxygen ambient, the content of both H 2 O 2 and O 3 were higher than that in the air. From the abovementioned, most H 2 O 2 was generated by the collision of water molecules according to Eqs. (2) and (3). Most O 3 was generated by discharging.
Degradation of Rhodamine
Rhodamine B solution was prepared with deionized water as the model wastewater. The initial concentration was 90 mg/L, and the structure is shown in Fig. 10 . The concentration of the solution after treatment was measured by a UV/visible spectrophotometer (TU-1810) at a wavelength of 554 nm. The voltage was 23 kV and the frequency was 50 Hz. The solution was 2 L. Flow rate of air was 2 L/min. Initial pH value and conductivity was 6.2 and 87 µS/cm, respectively. Fig. 11 shows the degradation rate and energy yield of Rhodamine B. In 5 min, the concentration of Rhodamine B was 60.07 mg/L, the energy yield was 31.92 g/kWh and the degradation was 30.01%. In 30 min, the concentration was 4.94 mg/L, the degradation was 94.42% and the energy yield was 16.2 g/kWh. The energy yield dropped with time because the concentration of Rhodamine B became less and less. The whole system was effective for the degradation of Rhodamine B. 
Conclusion
This paper established a pulse discharge plasma system. The content of hydrogen peroxide after discharge represented the ability of oxidation. The concentration of hydrogen peroxide increased with the increase of time and frequency. When the voltage reached a certain value (in this system, the value is about 21 kV), the concentration of hydrogen peroxide increased rapidly with increasing voltage. In weak acidic solution, it was better for the generation of H 2 O 2 than in alkaline solution and strong acidic solution. In an oxygen ambient, the content of either ozone or hydrogen peroxide was higher than that in the air. For the wastewater of Rhodamine B, the degradation was 94.42% in 30 minutes. In future work, the power source and the reactor will be improved to get stronger oxidative capacity. The degradation mechanism of Rhodamine B is to be further studied.
